Abstract Human adenoviruses (HAds), of which there are 51 antigenic types, are associated aetiologically with gastrointestinal, respiratory, urinary tract and eye infections. The clinical importance of HAds and the potential health risks constituted by HAds in water environments are widely recognised. This study was conducted to assess the use of an optimised integrated cell culture molecular-based technique to determine the prevalence of HAds in raw and treated drinking-water supplies in South Africa. Selected supplies were monitored weekly for the presence of adenoviruses over a one-year period (July 2001 to June 2002). Drinking-water supplies were derived from acceptable quality surface water sources using treatment processes that conformed to international standards for the production of safe drinking water. Adenoviruses were detected by amplification in cell cultures, followed by amplifying the extracted nucleic acids using molecular techniques (nested PCR). HAds were detected in 29.8% (59/198) of the treated drinking water, 16% (8/50) of dam water and 44% (22/50) of river-water samples tested. The results of this study confirmed the presence of HAds in some raw and treated drinking water supplies in South Africa.
Introduction
Human adenoviruses (HAds), consisting of 51 antigenic types, are associated with a wide range of infections including gastrointestinal, respiratory, urinary tract and eye infections (Fields et al., 1996; Hunter, 1997) . The USEPA "Candidate Contaminant List" (CCL) contains a list of contaminants regarded as of the highest priority for research on the development of detection technology and inclusion in water-quality specifications, with adenoviruses being one of only four viruses on the list (EPA, 1998) . The inclusion of adenoviruses in this list was largely based on their potential health implications and data that indicate that they occur in large numbers in many water environments (Puig et al., 1994; Enriquez et al., 1995) . Adenoviruses are exceptionally resistant to purification and disinfection processes (EPA, 1998) and water-related outbreaks of adenoviruses are mostly associated with swimming-pool water (Harley et al., 2001) . The aim of this study was to use an optimised integrated cell culture molecular-based technique to determine the prevalence of HAds in raw and treated drinking-water supplies.
Materials and methods

Virus stocks and cell cultures
Adenovirus controls included adenovirus types 2 (ATCC VR 846) and 31 (ATCC VR 1109). These adenovirus types were recovered in the primary liver carcinoma cell line (PLC/PRF/5; ATCC 8024) (passage 84-100) and CaCo-2 cells (ATCC HTB-37). After demonstrating a complete cytopathogenic effect (CPE), the cultures were frozen and thawed three times. Debris was removed by centrifugation at 600×g (Eppendorf centrifuge 5415D) for 10 min at room temperature (25°C). The virus suspensions were stored at -70°C. Water supplies A total of 198 treated drinking-water and 100 raw water samples were analysed over a oneyear period (July 2001 to June 2002 . Treated drinking-water samples were collected at two treatment units (A and B). Raw water samples were collected from a river and a dam in the catchment area. Drinking-water supplies (A and B) were derived from acceptable quality surface-water sources (river and dam water), using treatment processes that conformed to international standards for the production of safe drinking water (WHO, 1997) . The treatment process consisted of six stages: coagulation with slaked lime, flocculation, sedimentation, carbonation, filtration and chlorination.
Virus recovery
Glass wool filters were used for the on-site and in-line recovery of adenoviruses from 100-1,000 L of water, according to the method described by Grabow and Taylor (1993) based on principles developed by Vilaginès et al. (1993) . Smaller volumes (25 L) of river and dam water were concentrated using the glass wool filter method (Grabow and Taylor, 1993) . After filtration of the water through perspex columns (internal diameter 30 mm) packed with 10 g (0.5 g/cm 3 ) oiled sodocalcic glass wool (Saint Gobian, Isover-Orgel, France), adenoviruses were eluted with 100 mL glycine-beef-extract buffer (0.005 M glycine; 0.5% beef extract; pH 9). The elution buffer was left in contact with the glass wool for 5 min before being passed through the glass wool under pressure, and the pH of the eluate was adjusted to 7 with 1 N HCl (Merck, Darmstadt). The polyethylene glycol (PEG 6000, Merck, Darmstadt) method was used as a secondary concentration step (Minor, 1985) . The precipitate was resuspended in 20 mL PBS (pH 7.4, Sigma Chemical Co., St Louis, MO). The recovered virus suspensions were incubated for 1 h at 37°C with penicillin (50 µg/mL), streptomycin (50 µg/mL) and neomycin (100 µg/mL) [PSN antibiotic mixture (100×), Sigma] and 100 U/mL nystatin [Nystatin (100×), Sigma] prior to infection of cell cultures.
CaCo-2 and PLC/PRF/5 cells were used for the propagation of adenoviruses (Grabow et al., 1992; Pintó et al., 1994) . Cells were grown to confluent monolayers in 25 cm 2 plastic flasks (Corning). The recovered virus suspensions were treated with 10 µg/mL trypsin (Trypsin 250, Difco laboratories, Detroit, MI) for 30 min at 37°C. After removal of the propagation media, the cells were washed with 5 mL 0.01M PBS, pH 7.4. The cells were starved for 1 h at 37°C in 1 mL serum-free Eagle's minimal essential medium (MEM) (Highveld Biological (Pty) Ltd, Kelvin, SA). The starving medium was withdrawn and 1 mL of the recovered virus suspension was inoculated into each flask. The cells were incubated at 37°C for 90 min (5% CO 2 in air), with rotation every 15 min. The inoculum was removed and 4 mL of serum-free MEM containing 1% penicillin/streptomycin/fungizone mix (BioWhittaker, Walkerville, MD) and 10 µg/mL trypsin (Trypsin 250, Difco laboratories, Detroit, MI) were added to each CaCo-2 flask,. and 2% maintenance medium (4 mL) was added to each PLC/PRF/5 flask. The flasks were incubated at 37°C in a 5% CO 2 atmosphere and the cells were passaged 2-3 days post-infection and harvested after 7 d post-infection (CaCo-2) and after 14 d (PLC/PRF/5). Cells were investigated every 48 h for CPE.
A volume of 1.5 ml of the suspended cells was centrifuged (80,000×g; Beckman TL-100 ultracentrifuge) at 4°C for 1 h. The pellet was resuspended in 200 µL nuclease-free water (Promega, Madison, WI, USA). Adenoviral DNA was extracted by means of the High Pure Nucleic Acid Kit (Roche, Mannheim, Germany) according to the manufacturer's instructions.
Nested polymerase chain reaction (PCR)
The nested PCR method (Avellón et al., 2001) , with minor modifications, was used for adenovirus DNA amplification (Van Heerden et al., 2003) . The primers used for first round PCR and nested PCR were specific for the detection of the hexon protein coding region of the adenovirus genome (Table 1) . A 50 µL reaction volume for the first round PCR was prepared containing the following: 28.5 µL nuclease-free water, 5 µL 10× PCR buffer (10 mM tris-HCl, pH 9; 50 mM KCl; 0.1% Triton X-100), 8 µL 25 mM MgCl 2 (Promega, Madison, WI, USA), 2 µL 10 mM dNTP mix (Promega, Madison, WI, USA), 0.5 µL primer Adhex1F (100 pmol/µL), 0.5 µL primer Adhex2R (100 pmol/µL), 2.5U Taq-polymerase (Promega, Madison, WI, USA) and 5 µL previously extracted adenovirus DNA from water samples.
Cycling was carried out with an initial denaturation step at 94°C (2 min), followed by 30 cycles of denaturation at 93°C (1 min), annealing at 50°C (1 min) and extension at 72°C (1 min). A final extension step at 72°C (6 min) was performed. Some 1 µL of the first round PCR was transferred to a nested PCR mixture containing: 33 µL nuclease-free water, 5 µL 10× PCR buffer, 8 µL 25 mM MgCl 2 (Promega, Madison, WI, USA), 1.5 µL 10 mM dNTP mix (Promega, Madison, WI, USA), 0.5 µL primer Adhex2F (100 pmol/µL), 0.5 µL primer Adhex1R (100 pmol/µL) and 2.5U Taq-polymerase (Promega, Madison, WI, USA). Cycling was carried out with an initial denaturation step at 94°C (2 min), followed by 30 cycles of denaturation at 93°C (1 min), annealing at 55°C (1 min) and extension at 72°C (1 min), which was followed by a final extension step at 72°C (6 min). First-round PCR products and nested PCR products were analysed by 2% agarose gel electrophoresis (Seakem ® LE Agarose, BioWhittaker Molecular Applications, Rockland, ME, USA) and visualised by UV illumination.
Quality control of the amplification method
A negative control was included in each set of DNA extractions and each set of PCR reactions. The positive control used in PCR amplifications comprised 5 µL previously confirmed adenovirus DNA extraction. The negative control comprised 5 µL sterile nuclease-free water from the DNA extraction. To exclude any possibility of cross-contamination, reagents for the PCR were prepared in a laminar flow cabinet. The PCR reactions were carried out in rooms separate from those used for the initial processing of the specimens and analysis of the amplicons.
Results and discussion
The cell culture step was included to facilitate the replication of viral DNA, which increases the sensitivity of detection, and to confirm that the HAds detected were viable at least in terms of infecting cell cultures. The nested PCR procedure was found to increase the sensitivity of detection to 10 -2 plaque-forming units (Avellón et al., 2001) . While the primers used were designed for the detection of human adenoviruses, the possibility that DNA of animal adenoviruses was also amplified remains unclear. Nested-PCR products were sequenced and identified as human adenovirus nucleic acid when compared to accession numbers AF108105, L19443 and J01917 in the GeneBank computer programme.
HAds were detected in 29.8% (59/198) of the treated drinking water, 16% (8/50) of dam water, and 44% (22/50) of the river water samples tested. These results reflected an Table 1 Nested PCR primers used for detection of human adenoviral DNA in raw and treated water samples (Avellón et al., 2001) Primer Sequence (5′-3′) Location* Product (bp) AACACCTAYGASTACATGAAC 20, 400 473 ADHEX2R KATGGGGTARAGCATGTT 20, 652 ADHEX2F CCCMTTYAACCACCACCG 20, 503 168 ADHEX1R ACATCCTTBCKGAAGTTCCA 20, 854 * positions as referred to adenovirus 2 hexon protein coding region sequence underestimate of the quantitative efficiency of removal or inactivation of HAds. According to Vilaginès et al. (1993) , the difference in the efficiency of recovery of the glass wool procedure used was higher for treated than for raw waters. The same water samples were analysed for a spectrum of other enteric viruses (Grabow, 2002) . The prevalence of HAds in all the water supplies analysed was exceeded only by that of the enterovirus group. No cytopathogenic effect due to the presence of adenoviruses was observed in either of the two cell lines. The prevalence of enteric adenoviruses (types 40 and 41) was underestimated because these viruses are reluctant to grow in cell cultures and are probably not detected in the presence of fast-growing viruses such enteroviruses (Irving and Smith, 1981) . As previously indicated by Van Heerden et al. (2003) , no definite conclusions could be drawn about the seasonal fluctuation in the prevalence of adenoviruses in the water supplies analysed (Figures 1 and 2 ).
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Conclusions
The HAds isolated in this study have not yet been typed and, as far as can be established, HAds in water supplies have not yet been typed anywhere in the world. Typing of HAds isolated from water in South Africa may yield valuable results, as a recent survey of HAds in stool specimens from gastroenteritis patients revealed the presence of types which differ from those described in other parts of the world (Moore et al., 2000) . Data comparable to those on the prevalence of HAds in dam and river water reported here would not appear to be on record for other parts of the world. According to this study, it can be concluded that adenoviruses could still be detected in treated drinking water after the application of various purification processes. Typing of the isolates is in progress, since this information is essential for meaningful assessment of the potential health risk constituted by these viruses in water resources and drinking-water supplies.
